In nature, most bacteria live in biofilms where they compete with their siblings and other 18 species for space and nutrients. Some bacteria produce antibiotics in biofilms; however, since 19 the diffusion of antibiotics is generally hindered in biofilms by extracellular polymeric 20 substances, i.e., the biofilm matrix, their function remains unclear. The Bacillus subtilis 21 yitPOM operon is a paralog of the sdpABC operon, which produces the secreted peptide toxin 22 SDP. Unlike sdpABC, yitPOM is induced in biofilms by the DegS-DegU two-component 23 regulatory system. High yitPOM expression leads to the production of a secreted toxin called 24 YIT. Expression of yitQ, which lies upstream of yitPOM, confers resistance to the YIT toxin, 25 suggesting that YitQ is an anti-toxin protein for the YIT toxin. The alternative sigma factor 26 SigW also contributes to YIT toxin resistance. In a mutant lacking yitQ and sigW, the YIT 27 toxin specifically inhibits biofilm formation, and the neutral protease NprB is required for 28 this inhibition. The requirement for NprB is eliminated by Δeps and ΔbslA mutations, either 29 of which impairs production of biofilm matrix polymers. Overexpression of biofilm matrix 30 polymers prevents the action of the SDP toxin but not the YIT toxin. These results indicate 31 that, unlike the SDP toxin and conventional antibiotics, the YIT toxin can pass through layers 32 of biofilm matrix polymers to attack cells within biofilms with assistance from NprB. When 33 the wild-type strain and the YIT-sensitive mutant were grown together on a solid medium, 34 the wild-type strain formed biofilms that excluded the YIT-sensitive mutant. This 35 observation suggests that the YIT toxin protects B. subtilis biofilms against competitors. We 36 propose that some bacteria have evolved specialized antibiotics that can function within 37 biofilms. 38 3 39 Author Summary 40 Biofilms are multicellular aggregates of bacteria that are formed on various living and non-41 living surfaces. Biofilms often cause serious problems, including food contamination and 42 infectious diseases. Since bacteria in biofilms exhibit increased tolerance or resistance to 43 antimicrobials, new agents and treatments for combating biofilm-related problems are 44 required. In this study, we demonstrated that B. subtilis produces a secreted peptide antibiotic 45 called the YIT toxin and its resistant protein in biofilms. A mutant lacking the resistance gene 46 was defective in biofilm formation. This effect resulted from the ability of the YIT toxin to 47 pass through the biofilm defense barrier and to attack biofilm cells. Thus, unlike conventional 48 antibiotics, the YIT toxin can penetrate biofilms and suppress the growth of YIT toxin-49 sensitive cells within biofilms. Some bacteria produce antibiotics in biofilms, some of which 50
Introduction 9 173 candidate anti-toxin genes might cause severe growth defects by releasing the activity of the 174 toxin encoded by the genomic yitPOM operon. Therefore, we constructed a ΔyitR-yitM 175 deletion strain that lacks the entire region from yitR to yitM, which contains the candidate 176 anti-toxin genes yitR and yitQ, the unknown repressor gene yizB, and the putative toxin-177 encoding yitPOM operon ( Fig 1C) . Furthermore, since the expression of the secondary 178 resistance mechanism against the SDP toxin is induced by the alternative sigma factor SigW 179 (σ W ) [51] , we also constructed a sigW deletion strain. Subsequently, either the ΔyitR-yitM 180 and ΔsigW mutation alone or both mutations together were introduced into the P spac-hy -181 yitPOM strain. We compared the growth of these strains in 2×SG medium supplemented with 182 1 mM IPTG. While the P spac-hy -yitPOM ΔyitR-yitM and P spac-hy -yitPOM ΔsigW mutants grew 183 normally, the P spac-hy -yitPOM ΔyitR-yitM ΔsigW mutant showed mild cell lysis 3 h after the 184 end of exponential phase ( Fig 1A) . We confirmed that yitPOM expression caused this cell To further confirm that yitPOM encodes a toxin, we employed a spot-on-lawn assay. We 190 performed this assay in the ΔsdpABC-sdpIR (hereafter referred to as ΔsdpA-sdpR) ΔyitR-191 yitM mutant background to eliminate the effects of the endogenous sdpABC and yitPOM 192 operons. Since spo0A null mutants are sensitive to multiple antibiotics and stresses, including 193 the SDP toxin [40, 52, 53, 54] , we used the ΔsdpA-sdpR ΔyitR-yitM Δspo0A mutant as an 194 antibiotic-sensitive indicator strain. When spotted on a lawn of this indicator strain, the strain 195 expressing YitPOM (P spac-hy -yitPOM ΔsdpA-sdpR ΔyitR-yitM) formed growth inhibition 196 zones (halos) around its colonies (Fig 2) . By contrast, a strain that does not express YitPOM 197 (ΔsdpA-sdpR ΔyitR-yitM) formed no obvious halos around its colonies on the same lawn. YitQ is an anti-toxin protein to the YIT toxin 202 To determine whether YitQ is an anti-toxin protein to the YIT toxin, we examined the effect 203 of yitQ overexpression on the toxin activity of YIT. To this end, the P spac-hy -yitQ construct 204 was introduced into the amyE locus of the indicator strain (i.e., the ΔsdpA-sdpR ΔyitR-yitM 205 Δspo0A mutant). When spotted on a lawn of the indicator strain expressing YitQ (P spac-hy -206 yitQ ΔsdpA-sdpR ΔyitR-yitM Δspo0A), the strain expressing YitPOM (P spac-hy -yitPOM 207 ΔsdpA-sdpR ΔyitR-yitM) did not form halos around its colonies ( Fig 2) . Thus, yitQ 208 expression confers resistance to the YIT toxin.
210
We were interested in whether there is crosstalk between yitPOM/yitQ and sdpABC/sdpI. To 211 explore this possibility, a strain expressing SdpABC (P spac-hy -sdpABC ΔsdpA-sdpR ΔyitR-212 yitM) was spotted onto lawns of the control indicator strain (ΔsdpA-sdpR ΔyitR-yitM 213 Δspo0A) and the indicator strain expressing YitQ (P spac-hy -yitQ ΔsdpA-sdpR ΔyitR-yitM 214 Δspo0A) ( Fig 2) . The SdpABC-expressing strain formed clear halos around its colonies on 215 both types of lawns. Thus, yitQ expression did not confer resistance to the SDP toxin. We Expression of yitPOM and yitQ 225 The yitPOM operon was previously identified as a member of the DegS-DegU-regulated 226 genes via a DNA microarray analysis using another B. subtilis strain, ATCC6051 [48]. To 227 confirm this property in strain 3610, we carried out a Northern blot analysis. RNA samples 228 were isolated from wild-type and ΔdegU mutant cells grown for various lengths of time in 229 2×SG with vigorous shaking ( Fig 3A) . We detected a single band at a position between the 230 23S rRNA (2904 nt) and 16S rRNA (1541 nt) on Northern blots with a yitP-specific probe 231 ( Fig 3B) . The size of the band was consistent with the length of the entire yitPOM locus 232 (2031 bp), confirming that the yitPOM locus is transcribed as an operon ( Fig 3C) . On the 233 Northern blots, the yitPOM transcript was observed in the stationary phase samples from the 234 wild-type strain but not in those from the ΔdegU mutant ( Fig 3B) . These results indicate that yitQ is predicted to form an operon with its upstream and downstream genes, yizB and yitR. 238 We detected a band below the position of 16S rRNA on Northern blots with a yizB-specific 239 probe ( Fig 3B) . The size of the band was consistent with the length of the yizB-yitQ-yitR 240 locus (1244 bp), supporting the conclusion that yizB, yitQ, and yitR are transcribed as an 241 operon ( Fig 3C) . Based on the Northern blots, the yizB-yitQ-yitR operon was transcribed at 242 low levels during exponential phase and then induced during stationary phase in the wild-243 type strain ( Fig 3B) . The ΔdegU mutation had no significant effect on the transcription of the To explore the function of the YIT toxin, we asked under what conditions yitPOM expression 250 is induced. The DegS-DegU-regulated gene bpr, which encodes an extracellular protease, is 251 expressed in biofilms [56] . We therefore speculated that yitPOM is also expressed in biofilms.
252
To visualize yitPOM expression in biofilms, the yitP promoter was fused to the green 253 fluorescent protein (GFP) reporter, and the resulting P yitP -gfp reporter construct was 254 introduced to the amyE locus on the chromosome of the wild-type strain. B. subtilis biofilms 255 are wrinkled structures on the surfaces of colonies grown on solid media that support biofilm 256 formation, such as 2×SG [24]; therefore, we attempted to examine the expression level of the 257 P yitP -gfp reporter in colonies grown on 2×SG solid medium. We did not detect any fluorescent 258 GFP signal on these colonies, probably because the yitP promoter activity was too low. We 259 next examined the expression of the P yitP -gfp reporter inserted into the multi-copy plasmid The YIT toxin inhibits colony biofilm formation 279 We examined whether yitPOM overexpression from the spac-hy promoter affects biofilm 280 formation. We used two media, the complex medium 2×SG and the synthetic medium MSgg
281
[24], to support biofilm formation. On 2×SG solid medium, the wild-type strain formed 282 whitish wrinkled colonies ( Fig 4A) . Induction of yitPOM did not affect the colony 283 morphologies of the wild-type, ΔyitR-yitM mutant, or ΔsigW mutant strains; these P spac-hy -284 yitPOM strains formed similar whitish wrinkled colonies in the presence or absence of IPTG. on which B. subtilis forms flat colonies rather than biofilms. On these media, yitPOM 300 induction had little or no effect on colony morphology, even in the ΔyitR-yitM ΔsigW mutant 301 ( Fig 4A) . We compared the effect of yitPOM overexpression on colony morphology with 302 that of sdpABC overexpression. To this end, sdpABC was expressed under the control of the 303 same promoter (spac-hy) in the ΔsdpA-sdpR ΔsigW mutant. The P spac-hy -sdpABC ΔsdpA-304 sdpR ΔsigW mutant formed normal colonies in all four media in the absence of IPTG, but it 305 did not form colonies in the presence of IPTG ( Fig 4A) . Thus, the SDP toxin inhibited overall 306 cell growth independently of the medium conditions.
308
We investigated the relationship between the expression levels of yitPOM and sdpABC and 309 colony morphology. To this end, the P spac-hy -yitPOM ΔyitR-yitM ΔsigW mutant was grown 310 on 2×SG medium supplemented with various IPTG concentrations (0 to 1000 µM) ( Fig 4C) .
311
The effect of yitPOM expression on colony morphology appeared when the P spac-hy -yitPOM 312 ΔyitR-yitM ΔsigW mutant was grown in the presence of 30 µM or higher IPTG concentrations. sdpABC ΔsdpA-sdpR ΔsigW mutant formed small colonies in the presence of 10 or 30 µM 320 IPTG but did not form colonies at 100 µM or higher IPTG concentrations ( Fig 4C) . Thus, 321 sdpABC expression exerted a stronger effect on colony formation as its expression levels 322 increased. These results demonstrate that the YIT and SDP toxins have different effects on 15 323 colony growth and that the YIT toxin specifically inhibits biofilm formation in the absence 324 of its resistance genes.
326
We also considered how the YIT toxin inhibits biofilm formation. As described above, NprB allows the YIT toxin to attack cells within biofilms 337 Induction of yitPOM exerted its effects only in cells grown on biofilm formation media. 338 However, the spac-hy promoter is active in rich and poor media, including LB and SMM, as 339 observed for the P spac-hy -sdpABC ΔsdpA-sdpR ΔsigW mutant ( Fig 4A) . These observations 340 suggest the involvement of other factor(s) in the functions of the YIT toxin. A comparison 341 of the genetic organization of the 3610 and BEST195 strains revealed that, in addition to yizB 342 and yitQ, nprB appears to be inserted into the 3610 genome along with yitPOM ( Fig 1C) . 343 nprB, which encodes an extracellular neutral protease, was transcribed in a DegU-dependent 344 manner ( Fig 3B) , and its expression was observed in biofilms ( Fig 3D) . To determine whether 345 nprB is involved in the YIT toxin function, we introduced a deletion of the nprB-yitM region 346 ( Fig 1C) into the P spac-hy -yitPOM ΔsigW mutant and examined the colony morphology of the 347 resulting strain. Unlike in the P spac-hy -yitPOM ΔyitR-yitM ΔsigW mutant, yitPOM induction 16 348 did not inhibit biofilm formation in the P spac-hy -yitPOM ΔnprB-yitM ΔsigW mutant ( Fig 5A) . 349 This strain formed whitish wrinkled colonies like those of the wild-type strain in the presence 350 or absence of IPTG ( Fig 5A) . Because nprB deletion was the only genetic difference between 351 P spac-hy -yitPOM ΔyitR-yitM ΔsigW and P spac-hy -yitPOM ΔnprB-yitM ΔsigW mutants ( Fig 1C) , 352 this result suggests that the NprB protease is required for the production or function of the 353 YIT toxin.
355
To distinguish these possibilities, we examined the production of the YIT toxin in these 356 mutants via spot-on-lawn assays. The P spac-hy -yitPOM ΔyitR-yitM ΔsigW and P spac-hy -yitPOM 357 ΔnprB-yitM ΔsigW mutants were spotted on the lawn of the ΔyitR-yitM ΔsigW mutant.
358
Although both mutants formed halos around their colonies in the presence of IPTG, the P spac-359 hy -yitPOM ΔnprB-yitM ΔsigW mutant formed clearer halos than did the P spac-hy -yitPOM 360 ΔyitR-yitM ΔsigW mutant ( Fig 5B) . The P spac-hy -yitPOM ΔyitR-yitM ΔsigW mutant formed 361 small colonies on the lawn, likely due to loss of biofilm formation. Therefore, we compared 362 the YIT toxin production between the P spac-hy -yitPOM ΔyitR-yitM and P spac-hy -yitPOM 363 ΔnprB-yitM mutants. Although these mutants formed similar colonies on the lawn of the 364 ΔyitR-yitM ΔsigW mutant, the P spac-hy -yitPOM ΔnprB-yitM mutant formed clearer halos than 365 did the P spac-hy -yitPOM ΔyitR-yitM mutant (S4 Fig) . Thus, the ΔnprB mutation increased YIT 366 toxin production. These results suggest that NprB is not required for YIT toxin production or 367 rather that NprB negatively controls the YIT toxin levels within biofilms. The YIT toxin is 368 probably a NprB substrate. We next examined the alternative possibility that the ΔnprB 369 mutation might confer resistance to the YIT toxin. To test this idea, we spotted the P spac-hy - in the presence of IPTG ( Fig 5C) . The difference in colony morphology depending on the 387 presence or absence of IPTG indicates that the induced YIT toxin can function in these 388 colonies even though the Δeps mutation impaired biofilm formation and led to the formation 389 of mucoid colonies. Likewise, the P spac-hy -yitPOM ΔnprB-yitM ΔsigW Δeps mutant also 390 formed whitish mucoid colonies in the absence of IPTG and flat brown colonies in the 391 presence of IPTG ( Fig 7B) . Thus, the ΔnprB mutation did not interfere with the function of To further test this idea, we examined the effect of overexpressing biofilm matrix polymers 401 on the YIT toxin. SinR is a major repressor of the biofilm matrix synthesis genes [32] , and a 402 ΔsinR mutant formed large swollen colonies due to overproduction of biofilm matrix 403 polymers ( Fig 5D) . We introduced the ΔsinR mutation into the P spac-hy -yitPOM ΔyitR-yitM 404 ΔsigW mutant and examined the colony morphology of the resulting strain. In the absence of 405 IPTG, the P spac-hy -yitPOM ΔyitR-yitM ΔsigW ΔsinR mutant formed large swollen colonies, 406 like those of the ΔsinR mutant. Induction of yitPOM inhibited biofilm formation in this 407 mutant. The P spac-hy -yitPOM ΔyitR-yitM ΔsigW ΔsinR mutant formed flat brown colonies in 408 the presence of 100 or 1000 µM IPTG, as was also observed in the P spac-hy -yitPOM ΔyitR-409 yitM ΔsigW mutant ( Fig 5D) . We also examined the effect of the ΔsinR mutation on the SDP 410 toxin. The P spac-hy -sdpABC ΔsdpA-R ΔsigW ΔsinR mutant formed large swollen colonies in 411 the absence of IPTG. Induction of sdpABC did not inhibit colony formation and only partly 412 suppressed the swollen colony phenotype even in the presence of 1000 µM IPTG ( Fig 5D) . 413 These results indicate that overproduction of biofilm matrix polymers interferes with the 414 activity of the SDP toxin but not with that of the YIT toxin. Based on these results, we 415 conclude that the YIT toxin adapts to the biofilm environment and that it can function within 416 mature biofilms with the assistance of the neutral protease NprB.
418
We examined the colony morphology of the ΔnprB mutant. The ΔnprB mutant formed 419 wrinkled colonies on 2×SG medium similar to those of the wild-type strain ( Fig 6A) . We 420 extracted the extracellular proteins and cell surface-associated proteins from these colonies 421 and analyzed them via SDS-PAGE. We detected little or no difference in the protein 422 composition between the wild-type and ΔnprB mutant strains in the gels after Coomassie 19 423 brilliant blue (CBB) staining ( Fig 6B) . These results indicate that, despite a clear effect on 424 the function of the YIT toxin, the ΔnprB mutation does not significantly alter biofilm 425 structure.
427
The YIT toxin functions in the wild-type strain 428 So far, we have reported the results of experiments designed to uncover the function of the 429 YIT toxin via yitPOM expression from the strong spac-hy promoter. We asked whether 430 yitPOM expression from its own promoter is sufficiently high to exhibit the phenotypes 431 observed above. To address this question, we examined the colony morphologies of mutants 432 lacking yitQ and/or sigW on 2×SG medium ( Fig 7A) . While the ΔyitQ and ΔsigW single 433 mutants formed whitish wrinkled colonies like those of the wild-type strain, the ΔyitQ ΔsigW 434 double mutant formed colonies with attenuated wrinkles. The ΔyitR-yitM ΔsigW mutant, 435 which lacks both the toxin and anti-toxin genes, formed whitish wrinkled colonies like those 436 of the wild-type strain. Thus, the phenotype of the ΔyitQ ΔsigW mutant was caused by the 437 YIT toxin. However, the phenotype of the ΔyitQ ΔsigW mutant was slightly less noticeable 438 than that of the P spac-hy -yitPOM ΔyitR-yitM ΔsigW mutant in the presence of IPTG.
440
As mentioned above, the P aprE -gfp reporter is expressed in biofilms. The wild-type strain and 441 the ΔyitR-yitM ΔsigW mutant with the P aprE -gfp reporter displayed bright GFP signal, while 442 the ΔyitQ ΔsigW mutant with the P aprE -gfp reporter displayed no detectable GFP signal on its 443 colonies ( Fig 7B) . These results indicate that the YIT toxin reduces the number of biofilm- The YIT toxin can mediate intercellular competition within biofilms 451 We asked whether the YIT toxin can mediate intercellular competition within biofilms. To ΔsigW mutant cells within biofilms, the ratio of these strains within the biofilms would 457 change from the initial ratio. To estimate the ratio of two strains within biofilms, the P aprE -458 gfp reporter was introduced into one strain to detect its cells within biofilms.
460
First, wild-type cells carrying the P aprE -gfp reporter (the P aprE -gfp strain) were mixed with 461 wild-type cells at various ratios from 10:0 to 0:10, and the mixtures were spotted on 2×SG 462 solid medium. After 2 days of incubation, we observed the colonies with a fluorescence 463 stereomicroscope. A bright GFP fluorescent signal was detected on colonies grown from the 464 10:0 mixture, and the GFP signal decreased as the proportion of the P aprE -gfp strain decreased 465 (Fig 8) . When P aprE -gfp-expressing cells were mixed with ΔyitR-yitM ΔsigW mutant cells and 466 grown on 2×SG medium, the GFP signal on the colonies also decreased as the proportion of 467 the P aprE -gfp strain decreased; however, its decrease was moderate compared with that in the 468 former experiment. For example, at a ratio of 3:7, obvious GFP signal was observed on 469 colonies grown from the mixture of the aprE-gfp and ΔyitR-yitM ΔsigW mutant strains but 470 not on colonies grown from the mixture of the aprE-gfp and wild-type strains. We also 471 introduced the P aprE -gfp reporter into the ΔyitR-yitM ΔsigW mutant. When ΔyitR-yitM ΔsigW 472 P aprE -gfp mutant cells were mixed with wild-type cells, no GFP signal was observed, even 21 473 on the colonies grown from the 9:1 mixture. By contrast, when ΔyitR-yitM ΔsigW P aprE -gfp 474 mutant cells were mixed with ΔyitR-yitM ΔsigW mutant cells, the GFP signal on the colonies 475 decreased as the proportion of the ΔyitR-yitM ΔsigW P aprE -gfp mutant cells decreased, as was 476 also the case with the mixture of the aprE-gfp and wild-type strains. These results 477 demonstrate that the YIT toxin can mediate intercellular competition within biofilms. We hydrophobic domain that seems to be processed to produce the YIT toxin. However, the 501 sequence of the hydrophobic domain of YitM is different from that of SdpC. We assume that 502 this difference contributes to the differences in the functions of these toxins. To summarize, 503 although the sdpABC and yitPOM operons are paralogous, they have distinct regulations and 504 roles. Indeed, the genomes of many B. subtilis strains have both the sdpABC and yitPOM 505 operons (S1 Table) , suggesting that having both sdpABC and yitPOM may provide survival 23 506 advantages in the environment. Interestingly, some B. subtilis strains possess sdpABC 507 homologs that appear to be different from sdpABC or yitPOM (S1 Table) . sdpABC homologs, 508 including sdpABC itself and yitPOM, can be classified into five groups based on their genome 509 position and SdpC homolog sequences (S1 Table, Overproduction of biofilm matrix polymers interfered with the function of the SDP toxin but 516 not with that of the YIT toxin, suggesting that the YIT toxin has a mechanism to pass through 517 the layers of the biofilm matrix polymers, and we showed that this mechanism involves the 518 extracellular protease NprB. The YIT toxin could not inhibit biofilm formation in the absence 519 of NprB even though the ΔnprB mutation increased the production of the YIT toxin. The 
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581
Bacterial strains and culture condition 582 B. subtilis strain NCIB3610 and its derivatives used in this study are listed in Table 1 .
583
Construction of the B. subtilis mutants is described in S1 Appendix. Primers used for the 584 strain construction are listed in S2 Table. B. subtilis strains were maintained in LB (LB 
